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A theoretical approach to photoconversion efficiency modeling in perovskite p-i-n structures is
developed. The results of this modeling compare favorably with the experiment and indicate that the
surfaces of the perovskite solar cells (SCs) are naturally textured. It is shown that photoconversion
efficiency in the limiting case of negligible Shockley-Read-Hall and surface recombination and in the
absence of optical losses reaches the value of 29%. In the realistic case, the current-voltage curve
ideality factor equals 2. This value is not due to recombination in the space-charge region; rather,
it can be explained by taking into account the effect of the rear surface and high excitation level.
PACS numbers:
Although photoconversion efficiency in perovskite solar
cells (SCs) presently achieved is about 20% [1, 2], there
is a lack of publications on the theoretical modeling of
these novel energy sources. This makes it difficult to sys-
tematically optimize the parameters of perovskite SCs.
Here, a theory of photoconversion in p-i-n structures is
developed, for which the following criteria are fulfilled: (i)
Diffusion length is much higher than the i-region thick-
ness, Ld ≫ d; (ii) Excess electron-hole pair concentration
generated by light notably exceeds the equilibrium car-
rier concentration in the i-region, ∆n ≫ n0. Note that
this inequality holds quite well, because, according to [3],
n0 ≈ 1011 cm−3 in FAPbI3, whereas the estimated value
of ∆n exceeds 1013 cm−3.
These criteria allow one to use the approach introduced
earlier for heterojunction solar cells modeling, see [4–6].
The distinct feature of this approach is that it accounts
for the contribution of the SCs rear surface, located near
the isotype n-n+ junction, both to the current-voltage
(I-V) curves and to the open-circuit voltage.
As shown in [4–6], under the conditions (i) and (ii),
the light-generated current density at applied bias V is
described by the expression
JL(V ) = JSC +
V −ASCJLRS
ASCRsh
−J0 eq(V−ASCJLRS)/(2kT ) , (1)
where JSC is the short-circuit current density, ASC is the
SC surface area, kT is thermal energy, RS and Rsh are
series and shunt resistance, and J0 is saturation current
density. For a p-i-n structure, it is given by
J0 = q
(
d
τSRH
+ S + dA∆n
)
ni . (2)
Here, q is the elementary charge, τSRH is Shockley-Read-
Hall lifetime, A is the radiative recombination parame-
ter, and ni =
√
NcNve
−Eg/(2kT ) is the intrinsic charge
carrier concentration in the semiconductor with the ef-
fective densities of states Nc and Nv in the conduction
and valence bands, respectively, and the bandgap Eg.
As seen from (1), the ideality factor equals 2. This
value is not due to the recombination in the space-charge
region, but due to the high excitation level and the rear
surface contribution to the I-V curve.
The open-circuit voltage, VOC , is obtained from (1) by
setting the current density to zero. Furthermore, by mul-
tiplying the current by voltage and setting the derivative
d(JL(V )V )/dV to zero, one can determine the photo-
generated voltage Vm at maximal power. Substitution of
this result into (1) gives the corresponding current den-
sity Jm. Then, photoconversion efficiency under AM1.5
conditions can be found as η = JmVm/PS , where PS is
the incident energy flux, equal to 0.1 W/cm2 for AM1.5G
conditions. Also, the I-V curve fill factor is given by
FF = JmVm/(JSCVOC).
Now, let us compare the theoretical results with the
experimental findings from [1] obtained on a FAPbI3
perovskite p-i-n SC. Shown in Fig. 1 is the experimen-
tal photogenerated current density vs. voltage curve,
JL(V ). The theoretical expression (1) is in excellent
agreement with the experimental data if the combina-
tion J0 ∼= qni(d/τSRH + S) is set to 1.15 · 10−8mA/cm2,
and the series and shunt resistance are taken to be RS =
4.5Ω, Rsh = 1.5 · 103Ω. Using the data from table I,
we obtain the intrisic carrier density ni ≈ 2.5 · 105 cm−3.
Given that the bandgap, Eg, in FAPbI3 equals 1.55 eV
(see [1]), this corresponds the densities of states product
of
√
NcNv ≈ 3 · 1018 cm−3.
Note that the surface recombination velocity of
15 cm/s turned out to be quite small, even though no
special measures were taken to passivate the interfaces
of the i-region with the n+ and p+ regions. Thus, the
theory developed here agrees well with the experiment
and gives the ideality factor equal to 2.
Shown in Fig. 2 is the experimental wavelength depen-
2TABLE I: Experimental and theoretical parameters of perovskite SCs. The i-region thickness d = 0.56 µm, as in [1]. Shockley-
Read-Hall lifetime and radiative recombination parameter are taken from [7].
τSRH , s A, cm
3/s S, cm/s RS , Ω Rsh, Ω JSC ,mA/cm
2 VOC , V η, % FF ,%
real 2 · 10−7 9 · 10−11 15 4.5 1.5 · 103 24.7 1.104 (1.104) 19.7 (19.7) 72.3 (72.4)
limit ∞ 9 · 10−11 0 0 ∞ 26.2 1.22 29.2 90.8
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FIG. 1: Illuminated experimental I-V curve of a FAPbI3-
based SC from [1] (symbols) and theoretical fit (solid line).
dence of external quantum efficiency of the photogener-
ated current, qE(λ), obtained in [1]. Knowledge of qE(λ)
allows one to determine the short-circuit current as
JSC = q
∫ λm
λ0
dλ IAM1.5(λ) qE(λ) , (3)
where λ0 is the short-wavelength absorption edge, λm =
1240 nm · eV/Eg is the photoelectric threshold energy,
and IAM1.5(λ) is the spectral density of radiation under
AM1.5 conditions.
In the limiting case of no photocurrent losses due to
light reflection and absorption in the layers that precede
the perovskite layer, and due to the presence of contact
grid (or semitransparent metal electrode), internal quan-
tum efficiency, qI(λ), of a textured structure is given by
the expression from [8]:
qI(λ) =
(
1 +
1
4α(λ)dn2r
)
−1
. (4)
Here, α is light absorption coefficient and nr is the per-
ovskite refractive index. Substitution of (4) into (3) al-
lows one to determine the limiting value of short-circuit
current density.
Taking light absorption coefficient in FAPbI3 from [9]
and refractive index nr from [10], one can determined
qI(λ), see the solid curve in Fig.2. The theoretical qI(λ)
curve also describes the experimental qE(λ) dependence
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FIG. 2: Photocurrent external quantum efficiency in FAPbI3
SCs (symbols) and theoretical internal photocurrent quantum
efficiency obtained theoretically using (4) (solid line).
near the absorption edge. This allows one to conclude
that due to the non-planar location of grains that com-
pose a perovskite, its surface is naturally textured, which
leads to practically complete capture of the incident light
due to reabsorption of reflected photons. This conclusion
is supported by the values of qE(λ) ≈ 92% at the wave-
length of about 600 nm. If the SCs dealt with were of
plane-parallel structure, then the light reflection coeffi-
cient, given by the Fresnels expression (nr−1)2/(nr+1)2,
at nr = 2.06 would be about 12%, and the correspond-
ing value of qE(λ) would be below 88%, which is smaller
than the experimentally measured value.
Table I contains the parameters used for comparison
between theory and experiment, as well as the character-
istics determined from this comparison. The second line
contains the experimental characteristics of a real SC fol-
lowed by the theoretical counterparts in the brackets. As
seen from Table I, the agreement between theory and ex-
periment is very good. The third line of Table I gives the
limiting characteristics, which are obtained by neglecting
all losses and Shockley-Read-Hall recombination.
Shown in Fig. 3 are the theoretical photoconversion
efficiency vs. i-region thickness curves. The solid curve
is built for the case of limiting parameter values, and
the dashed curve is built for the realistic SC parameters.
In both cases, the expression (4) was used for the inter-
nal quantum efficiency. As seen in Fig. 3, the respective
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FIG. 3: Theoretical photoconversion efficiency as a function
of i-region thickness obtained in the limiting case (solid line)
and for realistic parameter values (dashed line).
curves develop a maximum, which is related to the fact
that the photogenerated current increases with thickness,
saturating at large thicknesses, whereas the photogener-
ated voltage decreases with thickness due to the increase
of bulk recombination rate. The limiting efficiency at
the maximum is about 29%. In both cases, the maxi-
mum in rather broad, and is located at dmax ≈ 0.9µm
in the limiting case and at 0.33µm in the realistic case.
The experimentally used perovskite thicknesses are in the
range 0.34 – 0.6µm.
Because some of the electron-hole pairs may form ex-
citons with binding energy Ex between 25 and 50meV
[7, 11, 12], let us discuss their influence on the photocon-
version efficiency.
On the one hand, excitons have a positive effect on
photoconversion efficiency, because they increase light
absorption coefficient. On the other hand, their presence
leads to the reduction of the open-circuit voltage and
short-circuit current. It is possible to estimate the ex-
citon effect on the open-circuit voltage by noticing that,
according to [12], n2i,ex = n
2
i e
Ex/kT . This expression to-
gether with Eq. (1) allows one to estimate the reduction
of VOC , which turns out to be about 2 – 4mV. Strictly
speaking, in the case considered here, saturation current
density J0 is constant, because it is taken from exper-
iment. This means that as ni increases, bulk recom-
bination rate must decrease, i.e. bulk lifetime should
grow. In [3], this lifetime in FAPbI3 is estimated to be
≈ 5 ·10−7 s. If we take this value, then ni should be equal
5.7 · 105 cm−3, and exciton binding energy is estimated
as 43.5meV.
Let us now estimate the exciton influence on the
short-circuit current. Because a part of photogenerated
electron-hole pairs are bound into excitons, which do not
conduct electricity, we should compare the exciton con-
centration, nx, with the electron-hole pair concentration
∆n. According to [13],
nx =
Nx∆n
2
NcNv
eEx/kT , (5)
where Nc = νn
(
2pimnkT/h
3
)3/2
, Nv =
νp
(
2pimpkT/h
3
)3/2
, Nx = νx
(
2pi(mn +mp)kT/h
3
)3/2
are the effective densities of states in the conduction,
valence, and exciton bands, respectively, and νn,p,x are
the corresponding degeneracy factors. In direct-bandgap
semiconductors, they are equal νn = νp = 2 and νx = 8.
Estimates show that, depending on the electron and
hole effective masses, mn and mp, ranging from about
0.2 to 1 electron mass, and on the value of ∆n, ranging
between 1014 and 1015 cm−3, the value of nx turns out
to be at least two orders of magnitude smaller than ∆n.
Thus, in the case considered, excitons reduce the short-
circuit current by not more than 1%.
Coming to our conclusions, the analysis of the illumi-
nated I-V curve from [1] yields the ideality factor of 2.
The same value is obtained within the theory described
here at ∆n≫ n0 by taking into account the rear surface
contribution.
Based on the analysis of the experimentally measured
external quantum efficiency of FAPbI3-based SCs, an im-
portant conclusion can be made about surface texturing
of these SCs, which results in capture and absorption of
the reflected photons and essential increase of photocon-
version efficiency. It is established that the theoretical
efficiency vs. i-layer thickness curve, η(d), has a max-
imum at d in the 0.3 − 0.9µm range. This maximum
is due to the competition between the different depen-
dences of short-circuit current and open-circuit voltage
on the i-layer thickness.
With the parameters given in Table I, the theoretical
and experimental I-V curves agree well with each other.
Finally, it is established that in perovskite SCs, the sur-
face recombination velocity has a rather low value even
in the absence of passivation of the i-region boundaries.
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